Introduction
Bioluminescence, as a special form of chemiluminescence, is a natural phenomenon that emits cold light resulting from the reaction catalyzed by the corresponding luciferase in biological systems. The bioluminescent techniques, such as bioluminescence imaging, BRET and dual-luciferase reporter assay system, have drawn more and more attention due to their wide application in examining various biological processes in vitro and in vivo. [1] [2] [3] [4] [5] This method has low background interference compared to fluorescence in that bioluminescence does not require any excitation light source. Coelenterazine (CTZ), the known widespread luciferin, can be utilized by various marine luciferases from Renilla, Oplophorus, Periphylla, Gaussia, Metridia, etc., and act as a bound substrate for calcium-binding photoproteins. [6] [7] [8] [9] [10] [11] [12] [13] The bioluminescence reaction of coelenterazine is initiated by the binding of O 2 at the C-2 position of the imidazopyrazinone core, which results in the production of the amide anion of coelenteramide in its excited state and CO 2 . Then the emission of light is a consequence from the amide anion of coelenteramide in a high energy level relaxing to the ground state. 7, [14] [15] [16] The coelenterazine-luciferase system is the simplest bioluminescent system consisting of only luciferin and luciferase without any cofactors when compared with systems such as firefly luciferin-luciferase and bacterial bioluminescent systems and others. A mass of coelenterazine analogues as bioluminescence substrates have consistently appeared since the discovery of coelenterazine. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] It has drawn enormous attention to optimizing the coelenterazine type molecules to obtain substrates that meet ideal criteria, such as bright bioluminescence, long half-decay life, red-shifted emission, high stability and convenient synthesis. The influence of bioluminescence varies with the modification of substitution at the C-2, C-5, C-6 and C-8 positions of the imidazopyrazinone core. 14 Particularly, the optimization of substitution at the C-2 and C-6 positions of the imidazopyrazinone core plays a more important role in improving the bioluminescence properties. 14, 27 However, only a few of them have potential to replace the native coelenterazine and to be applied in bioluminescence assay. Some coelenterazine derivatives including coelenterazine h, coelenterazine 400a (DeepBlueC™), coelenterazine f, coelenterazine fcp and coelenterazine hcp were firstly reported by the Cormier lab during the period of [1973] [1974] [1975] [1976] [1977] [1978] [1979] . 28, 29 Besides, several characteristic coelenterazine analogues have been designed and synthesized in recent years. For example, Promega Corporation developed a new coelenterazine derivative named furimazine that contains a furan group at the C-2 position in 2012. 30 Furimazine is a potent substrate for NanoLuc, an Oplophorus luciferase variant also engineered by Promega Corporation. Three coelenterazine analogues with styryl substituents at the C-6 position were reported to serve as substrates for the Renilla luciferase mutant in 2014. 20 However, only a few derivatives such as coelenterazine h and DeepBlueC™ that were reported in 1970s have been developed into common substrates that can replace coelenterazine to be used in bioluminescent assays. There are a few substrates that are superior to coelenterazine over the last couple of decades. Novel and potent substrates are demanded to fill this gap. Herein, we designed and synthesized a series of compounds with various substituents at the C-6 position of the imidazopyrazinone core based on coelenterazine 400a (DeepBlueC™) to further investigate the influence of substituents at the C-6 position of the imidazopyrazinone core on the bioluminescence (BL) properties ( Fig. 1 and Scheme 1). Particularly, the new compound B2 is superior to coelenterazine, which is achieved to be the replacement of coelenterazine.
Results and discussion
Bioluminescence properties with Renilla luciferase All new compounds were evaluated with recombinant Renilla reniformis luciferase (Rluc) after successful synthesis. As shown in Fig. 2 and Table 1 , some of them displayed excellent emission. Compounds B2, B5, B9 and B12 exhibited a much higher intensity than that of DeepBlueC™ in the presence of Renilla luciferase. The best substrate B2 displayed approximately 100-fold stronger emission than the commonly used DeepBlueC™. Compounds B5 and B9 exhibited a similar performance in the presence of Rluc, which displayed approximately 20-fold stronger emission compared to DeepBlueC™. Compound B12 exhibited good performance with approximately 8-fold higher emission than that of DeepBlueC™. Moreover, the BL intensity of B2 with Rluc was even greater than that of coelenterazine when the concentration of compounds was lower than 1 μM (Fig. 2B) . However, compound B4 exhibited no activity in combination with Rluc. These results reveal that the introduction of the electron-withdrawing group could reduce the bioluminescence. Compounds B8 with a benzofuranyl group and B11 substituting a naphthyl group led to less bioluminescence, which indicated that the groups were too large to influence the combination and reaction with luciferase.
Most of our new compounds had red-shifted emission compared to that of DeepBlueC™ (Fig. 2C) . The BL spectrum of the B2/Rluc pair displayed a 70 nm red-shift in emission when compared with that of DeepBlueC™. Both the B5/Rluc pair and the B8/Rluc pair had a 30 nm longer BL emission peak than that of DeepBlueC™. However, all of them showed a blue-shift in their BL emission spectra compared to that of native coelenterazine. These findings indicate that the introduction of electron richer groups at the C-6 position which directly contributed to the conjugation degree, could influence the peak emission.
To further assess their kinetic characteristics of bioluminescence, we carried out enzyme kinetic assays and obtained the Michaelis constant K m , the maximum rate V max and half-decay life by using the GraphPad Prism software. As shown in Table 1 and Fig. S1 , † compounds B2, B3 and B8 had similar K m values compared to DeepBlueC™. Moreover, most of them (B2, B5, B6, B7, B8, B9, B10, B11 and B12) had a higher maximum rate V max in contrast to DeepBlueC™. It is interesting that the maximum rates of B2, B5, B9 and B12 were approaching the V max of native coelenterazine. Furthermore, both B5 and B6 had a much longer half-decay life in contrast to DeepBlueC™ and coelenterazine. Therefore the compounds B2, B5, B6 and B9 were the most potential substrates of Rluc when various factors such as kinetic constants, BL intensity and BL peak emission were taken into consideration.
It seemed that the retention or introduction of electron rich groups with suitable sizes at the C-6 position could make great contributions to bioluminescence, which could lead to enhanced bioluminescence intensity, red-shifted maximum wavelength and better kinetic characteristics. The reason is that the polar groups such as an amino group of B2, a furanyl containing oxygen atom of B5 and B9 and thienyl containing a sulfur atom of B12 could interact with active-site residues D120, E144, H285 and W121 of Rluc according to the study of Woo et al. 13 and Loening et al.
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In addition, all compounds were evaluated with Gaussia luciferase (Table S1 †). The BL spectra were similar to that of DeepBlueC™ and coelenterazine. Compound B2 was still the best one which showed 38-fold stronger emission than that of DeepBlueC™. Compounds B3, B5 and B8 displayed moderate bioluminescence with Gaussia luciferase. However, none of them was superior to native coelenterazine in the presence of Gaussia luciferase. Though most of them had lower K m , their V max values were inferior to that of native coelenterazine. The results disclosed that the substituents at the C-2 position play a major role in the binding of Gaussia luciferase. Moreover, the introduction of the larger size of electron rich substituents could promote the BL emission with Gaussia luciferase. The chemiluminescence spectra and fluorescence spectra of all new compounds were also measured as displayed in Table S2 . †
Bioluminescence imaging in cellulo
Subsequently, we further evaluated their BL properties in cellulo with a series of assays taking advantage of ES-2 cells expressing Renilla luciferase (ES-2-Rluc). Their BL intensity is depicted in Fig. 3 . Compounds B2, B5, B6, B9 and B12 are superior to DeepBlueC™ in BL emission in the cellular level. In brief, they all exhibited good performance in the cell concentration-dependent assay (Fig. 4) . What's more, it is evident that compound B2 could emit much stronger bioluminescence in cellulo compared with coelenterazine. The BL intensity of B2 is 3 or 4-fold than that of coelenterazine in cellulo. Compounds B5, B9 and B12 display moderate BL emission with 30-40% BL intensity of that of coelenterazine. It is worth noting that the superior BL emission of B2 could last 40 min compared to coelenterazine in the cellular level (Fig. 5) , which indicates that B2 has the potential to replace coelenterazine as a new outstanding bioluminescent substrate. Compounds B5, B9 and B12 can emit longer bioluminescence when compared with DeepBlueC™ as shown in Fig. 5B . Moreover, the bioluminescence emission of B5 could increase and decrease in a slow way, which means that it also has the potential to be used as a probe in a long-time cellular bioluminescence assay. Compound B12 behaved better in cellulo compared to its performance with Renilla luciferase. The one reason why they exhibit better performance may be that they have appropriate lipid-water partition coefficients whereas the C log P of B2, coelenterazine and DeepBlueC™ are 4.64, 4.42 and 5.52, respectively (Table S3 †). The compound B2 has better lipid solubility compared to coelenterazine and better water solubility compared to DeepBlueC™, which makes it surpass DeepBlueC™ and coelenterazine. In addition, compounds B2, B5 and B12 did not influence the cell viability when they were used in the bioluminescence assay (Fig. S2 †) . As a result, compounds B2, B5, B9 and B12 are potent coelenterazine-type bioluminescence substrates in vitro in this research.
Bioluminescence imaging in vivo
Encouraged by the results described above, we further investigated the bioluminescence properties of the best performing substrate B2, as well as B5 and B12, utilizing the establishment of a nude mice model transplanted with ES-2-Rluc. The in vivo bioluminescence imaging results of B2, B5, B12 and coelenterazine are depicted in Fig. 6 . Whether the compound concentration is 1 mM or 5 mM, the bioluminescence of B2 is greatly brighter than that of coelenterazine. The BL intensity of B2 is 4-fold stronger than that of coelenterazine at 1 mM but 6-fold at 5 mM (Fig. 7) , which has a significant difference. The bioluminescence of B2 in vivo could last nearly 2 h, which is longer than that of coelenterazine. It is no wonder that compounds B5 and B12 exhibit poor performance in bioluminescence imaging in vivo compared with B2 and coelenterazine. Hence, we can draw a conclusion that the compound B2 is the first-class substrate of Rluc which could be capable of replacing coelenterazine especially in bioluminescence imaging in vivo.
The reason why the compound B2 is the best performing substrate is probably that the introduction of the amino, the election rich group at the C-6 position of the structure core contributes a lot to enhance bioluminescence performance in vitro and in vivo. The introduction of fluorine as a hydrogenbonding acceptor also makes contribution for interaction with the residues of luciferase. The polarity of the compound becomes suitable due to the introduction of a polar group. According to a previous study, we knew that the coelenterazine type compounds have the same imidazopyrazinone core that should not be modified. We think that the substituents at the C-6 position of the imidazopyrazinone core are the key to modification. The removal of hydroxyl at the C-2 position doesn't weaken bioluminescence. All in all, our study confirmed that the retention or introduction of polar groups with suitable size at the C-6 position plays a critical role in the improvement of bioluminescence.
Conclusions
We designed and synthesized a series of coelenterazine-type derivatives based on DeepBlueC™, investigated their bioluminescence properties with Renilla luciferase, and further demonstrated their applications both in vitro and in vivo. Compounds B2, B5, B6, B9 and B12 displayed decent performance in the bioluminescence assay so as to be able to become candidates of luciferin. It is of great significance that the compound B2 is superior over coelenterazine: it demonstrated higher bioluminescence intensity, better kinetic characteristics, brighter and longer emission with Rluc in cellulo and in vivo. The results indicated that the introduction of electron rich groups with suitable size at C-6 could promote the recognition and reaction with luciferase. Moreover, an appropriate lipidwater partition coefficient plays a key role in the cellular bioluminescence and in vivo imaging of our new substrates. Together, these new compounds, such as B2, B5 and B12, have the potential to act as substantially improved substrates tailored for the bioluminescent system or as a probe to explore some biological process in relevant fields. We hope that our studies provide helpful information for further research and application on the bioluminescent system and bioluminescence imaging.
Experimental section

Materials and instruments
All reagents and solvents available were used as received unless otherwise noted. All reactions were monitored by TLC with 0.25 mm silica gel plates (60GF-254). UV light, iodine stain, and ninhydrin were used to visualize the spots. Silica gel was utilized for column chromatography purification. 1 
Organic synthesis of new substrates
Preparation of 3-benzyl-5-bromo-2-amino-pyrazine (1).
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Zn dust (235 mg, 3.6 mmol) and I 2 (12 mg) were suspended in fresh anhydrous THF under an argon atmosphere, and the mixture was stirred at room temperature until the brown color of I 2 disappeared. Then the anhydrous benzyl bromide was added by using a syringe, and the reaction mixture was refluxed at 80°C for 3 h. After insertion of Zn, the reaction mixture was cooled to room temperature. Then the suspension of 2-amino-3,5-dibromopyrazine (506 mg, 2 mmol) and PdCl 2 (PPh 3 ) 2 (70 mg, 0.1 mmol) in 7 mL of DMF was added. The reaction mixture was continuously stirred overnight. Then the mixture was filtered by Celatom, and the filtrate was collected and evaporated under vacuum. The collection was dissolved in and extracted with ethyl acetate and washed with saturated sodium chloride solution. After being dried over anhydrous sodium sulfate and concentrated under reduced pressure, the crude product was further purified by chromatography on silica gel (PE/ 3-Benzyl-5-bromo-2-amino-pyrazine (500 mg, 1.89 mmol) was added to a suspension of Pd(dppb)Cl 2 (68 mg, 148.2, 144.3, 138.0, 136.5, 135.4, 134.0, 128.6, 128.3,  128.1, 121.0, 111.9, 110.5, 107.6, 37.8 259-261°C.
Bioluminescence assay
Millipore water was used to prepare all aqueous solutions. Measurements for Renilla luciferase bioluminescent assays were determined in 50 mM Tris-HCl buffer, pH 7.42. Measurements for Gaussia luciferase bioluminescent assays were determined in 25 mM Tris-HCl buffer, pH 7.8, with 600 mM NaCl, 1 mM EDTA, and 0.05% BSA. The bioluminescence images were captured by using an IVIS Kinetic system (Caliper Life Sciences, USA) equipped with a cooled charge-coupled device (CCD) camera. The bioluminescence spectra were recorded on an F-2500 fluorescence spectrophotometer in luminescence mode. Luciferase was purchased from RayBiotech. The bioluminescence kinetic parameters, including K m , V max and half decay life, were calculated using GraphPad Prism software.
Bioluminescence properties measurement (Renilla luciferase)
To determine the bioluminescence properties of the new derivatives, all compounds were freshly dissolved in 95% EtOH as stock and diluted to appropriate concentrations in Tris-HCl (50 mM, pH 7.42) for each measurement. In all the measurements, the final ethanol concentration in the sample solution was kept constant at 0.5% (v/v) to avoid the effect of ethanol on the BL reaction. The Renilla luciferase was dissolved in and diluted to 1 μg ml −1 with Tris-HCl (50 mM, pH 7.42). To measure the bioluminescence intensity, the solution of the compound (50 µL) was added to a 96-well black flat bottom microscale plate, and luciferase (50 µL) was added and mixed quickly. The final concentration of luciferase was 0.5 μg mL −1 .
The final compound concentrations were 0.25, 0.5, 1, 2, 5, 10 and 25 µM. Bioluminescence intensities of native coelenterazine and the derivatives were immediately measured with an IVIS Kinetic system (Caliper Life Sciences, USA) equipped with a cooled charge-coupled device (CCD) camera. The assays were measured in triplicate. The results were reported as total photon flux within an ROI in photons per second. The Michaelis constant K m and maximum rate V max were estimated with the Michaelis-Menten kinetics equation using GraphPad Prism software. For the recording of bioluminescence spectra, an aliquot of Renilla luciferase solution (0.5 mL, 1 μg mL −1 ) was mixed with derivative solution (0.5 mL, 25 μM) in a quartz cell and the mixture was immediately measured with an F-2500 fluorescence spectrophotometer in luminescence wavelength mode with the lamp off at a scan rate of 3000 nm min −1 with a response time of 2 s. The wavelengths of maximal bioluminescence intensities (λ max ) and the quantitative bioluminescence spectra were determined using the instrument software (FL Solutions ver. 2.1).
In the case of determining the half decay life, an aliquot of Renilla luciferase solution (0.5 mL, 1 μg mL −1 ) was mixed with derivative solution (0.5 mL, 25 μM) in a quartz cell and the mixture was immediately measured with an F-2500 fluorescence spectrophotometer in luminescence time scan mode with the lamp off at a scan rate of 3000 nm min −1 with a response time of 2 s. The measurement lasted 300 s. The half decay life was calculated by using GraphPad Prism software.
Bioluminescence properties measurement (Gaussia luciferase)
To determine the bioluminescence properties of the new derivatives, all compounds were freshly dissolved in 95% EtOH as stock and diluted to appropriate concentrations in Tris-HCl (25 mM, pH 7.8, containing 600 mM NaCl, 1 mM EDTA, 0.05% BSA) for each measurement. In all the measurements, the final ethanol concentration in the sample solution was kept constant at 0.5% (v/v) to avoid the effect of ethanol on the BL reaction. The Gaussia luciferase was dissolved in and diluted to 0.5 μg mL −1 with Tris-HCl (25 mM, pH 7.8, containing 600 mM NaCl, 1 mM EDTA, 0.05% BSA). To measure the bioluminescence intensity, the solution of the compound (50 µL) was added to a 96-well black flat bottom microscale plate, and luciferase (50 µL) was added and mixed quickly. The final concentration of luciferase was 0.25 μg mL In the case of recording half decay life, the solution of the compound (50 µL) was added to a 96-well black flat bottom microscale plate, and luciferase (50 µL) was added and mixed quickly and was immediately measured with a POLARstar Omega microplate reader with a measurement time of 300 s. The half decay life was calculated by using GraphPad Prism software.
Cell culture
ES-2 cells (human ovarian cancer cell lines) expressing Renilla luciferase (Rluc) were purchased from Shanghai BioDiagnosis Co., Ltd. The ES-2-Rluc cells were cultured in DMEM high glucose supplemented with 10% fetal bovine serum (FBS) at 37°C under a humidified atmosphere in a 5% CO 2 incubator.
Cell bioluminescence imaging
Cells were grown in black 96-well plates (4 × 10 5 cells per well).
After a 24 h incubation period, the medium was removed, and the cells were treated with 100 μL of various concentrations of compounds (ranging from 0.25 to 25 μM). The bioluminescence intensity was measured immediately using an IVIS Kinetic imaging system. The luminescent signal ( photons per second) for each well was measured and plotted as average values (experiments conducted in triplicate).
Cell concentration-dependent assay
Cells were grown in black 96-well plates (0.125, 0.25, 0.5, 1, 2 and 4 × 10 5 cells per well, respectively). After a 24 h incubation period, the medium was removed, and the cells were treated with 100 μL of compounds (50 μM). The bioluminescence intensity was measured immediately using an IVIS Kinetic imaging system. The luminescent signal ( photons per second) for each well was measured and plotted as average values (experiments conducted in triplicate).
Cytotoxicity of new coelenterazine derivatives
The cytotoxicity of the new coelenterazine derivatives B2, B9 and B12 was investigated in ES-2-Rluc cells. ES-2-Rluc cells were grown overnight at 5000 per well in DMEM with 10% FBS. Then the new coelenterazine derivatives (or DMSO control) that were diluted in DMEM were added into the wells. MTT was added 2 h after compound addition. Cell viability was measured 4 h after MTT addition by using a POLARstar Omega microplate reader.
Mice model
All animal studies were approved by the Ethics Committee and IACUC of Qilu Health Science Center, Shandong University, and were conducted in compliance with European Guidelines for the Care and Use of Laboratory Animals. Balb/c-nu female mice, 6 weeks of age, were purchased from the Animal Center of China Academy of Medical Sciences (Beijing, China). To generate tumor xenografts in mice, ES-2 cells expressing Renilla luciferase (1 × 10 7 ) were implanted subcutaneously under the right armpit region of each 6 weeks old female nude mouse. Mice were single or group-housed on a 12 : 12 lightdark cycle at 22°C with free access to food and water. Tumors were allowed to grow for 2 weeks before imaging.
In vivo imaging
New substrates B2, B5 and B12 were chosen for bioluminescence imaging in mice. All compounds were freshly dissolved in and diluted to appropriate concentrations in 0.9% NaCl and 95% EtOH (3 : 1 v/v) for this measurement. To demonstrate this functionality, mice bearing ES-2-Rluc subcutaneous tumors were anesthetized with isoflurane and then were injected intraperitoneally with a solution of the compound (100 µL). The bioluminescence was detected at once with an exposure time of 60 s.
Chemiluminescence spectra measurement
All compounds were freshly dissolved in EtOH as 1 mM solution. A 0.2 mL of compound solution was mixed with 2 mL of DMSO containing 0.05% (v/v) 1 M aq. NaOH in a quartz cell and the mixture was immediately measured with an F-2500 fluorescence spectrophotometer in luminescence mode with the lamp off at a scan rate of 3000 nm min −1 with a response time of 2 s. The wavelengths of maximal chemiluminescence intensities (λ max ) and the quantitative chemiluminescence spectra were determined using the instrument software (FL Solutions ver. 2.1).
Fluorescence spectra measurement
A 95% ethanol stock solution of the respective new substrate (10 mM) was diluted to the corresponding concentration with Tris-HCl (50 mM, pH 7.42). The solution of the compound (100 μM, 200 μL) was added to a 96-well black flat bottom microscale plate and then scanned with the Thermo Scientific Varioskan Flash microplate reader.
